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Microwave-induced magnetotransport phenomena in two-dimensional electron
systems: Importance of electrodynamic effects
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We discuss possible origins of recently discovered microwave induced photoresistance oscillations
in very-high-electron-mobility two-dimensional electron systems. We show that electrodynamic ef-
fects – the radiative decay, plasma oscillations, and retardation effects, – are important under the
experimental conditions, and that their inclusion in the theory is essential for understanding the
discussed and related microwave induced magnetotransport phenomena.
PACS numbers: 73.21.-b, 78.67.-n, 78.70.Gq, 73.43.-f
I. INTRODUCTION
Recently discovered effects of microwave induced
giant photoresistance oscillations1,2 and zero-
resistance states3,4 in very-high-electron-mobility
two-dimensional electron systems (2DES) at-
tracted much experimental5,6,7,8,9,10,11,12,13,14 and
theoretical15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37
interest. In spite of a large num-
ber of theoretical scenarios published so
far5,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37
(see also the pioneering work by Ryzhii38,39) full under-
standing of the phenomenon has not yet been achieved.
It is not clear, for instance, why the giant photoresistance
oscillations and zero-resistance states are observed only
in samples with the electron mobility exceeding ≃ 107
cm2/Vs: in samples with the one-order-of-magnitude
lower mobility a completely different and easily under-
standable behaviour was observed40. Another unclear
issue is the influence of finite dimensions of the sample
and plasma oscillations in it.
So far published theoretical scenarios mainly discuss
the phenomenon in terms of the influence of microwaves
on the probability of electron scattering or on the steady-
state electron distribution function. The goal of this pa-
per is to point to the importance of electrodynamic ef-
fects which have been ignored in theoretical literature so
far. We will discuss three physical effects: the radiative
decay, plasma oscillations, and retardation effects. We
will show, by means of simple qualitative arguments and
estimates, that these effects are evidently important un-
der the conditions of experiments3,4,5,6,7,8,9,10,11,12,13,14.
We calculate the influence of microwaves on the electron
distribution function and the microwave response of a
finite-width 2D wire, accounting for electrodynamic ef-
fects, and show that these effects have a dominant role.
We believe that this work may give another direction of
thinking about the origin of microwave-induced phenom-
ena in 2DESs.
II. RADIATIVE DECAY
We begin the discussion with the effect of radiative
decay. In this Section we will assume that the 2DES
is uniform, occupies the plane z = 0, infinite in x and
y directions, and is placed in vacuum. Electromagnetic
wave is assumed to be incident upon the 2DES along the
z-axis. Physically, the radiative decay develops as the
reaction of the medium (2DES) to radiation41. Oscillat-
ing electric field of the incident wave forces 2D electrons
to oscillate in the 2D plane, but oscillating 2D electrons
emit a secondary radiation from the 2DES. As a result,
the system loses energy, and the cyclotron-resonance line
gets an additional contribution to the linewidth. The
simplest way to calculate this contribution is to solve
the Maxwell equations for electromagnetic waves pass-
ing through the 2DES. Such a solution42 gives for the
transmission amplitude
t(ω) =
1
1 + 2πσ(ω)/c
, (1)
where σ(ω) is the conductivity of the 2DES and c the
velocity of light. If the 2DES is placed in a magnetic field
and the electromagnetic wave is circularly polarized, we
can substitute for σ the Drude expression
σ(ω) =
nse
2
m⋆
i
ω − ωc + iγ , (2)
where ns, e and m
⋆ are the density, the charge and the
effective mass of 2D electrons, ωc is the cyclotron fre-
quency, and γ is the scattering rate, related to the mo-
bility µ = e/m⋆γ. The transmission, reflection and ab-
sorption coefficients then get the form
T = |t|2 = 1− Γ
2 + 2γΓ
(ω − ωc)2 + (γ + Γ)2 , (3)
R =
Γ2
(ω − ωc)2 + (γ + Γ)2 , (4)
and
A =
2γΓ
(ω − ωc)2 + (γ + Γ)2 . (5)
2One sees, that the linewidth of the cyclotron resonance
here is determined by the collisional scattering rate γ plus
the electrodynamic contribution
Γ = 2πnse
2/m⋆c. (6)
The ratio of the second contribution to the first one,
Γ
γ
=
2πnseµ
c
=
2πσ0
c
, (7)
is much bigger than unity in the high-electron-mobility
systems, used in the discussed experiments; here σ0 =
nseµ is the static conductivity of the 2DES. For a typical
electron density of ns = 3 × 1011 cm−2 and for the mo-
bility of µ ≃ 107 cm2/Vs, it is Γ/γ ≃ 90, and hence, the
radiative decay effect is very important in the discussed
phenomena. Notice, that at Γ/γ ≫ 1 the incident-wave
energy is mainly reflected by the 2D electron gas, but not
absorbed in it.
Some electrodynamic properties of very clean 2D elec-
tron systems with 2πσ0/c > 1 were studied in very inter-
esting papers by Falko and Khmelnitskii43, and by Gov-
orov and Chaplik44. Related features of quantum-wire
systems under the quantum-Hall conditions, where the
similar relevant parameter has the form 2π/ρxxc and can
be much larger than unity, were discussed in45 (ρxx is
the longitudinal resistivity of the 2DES). The effect of
the electrodynamic line broadening is well known in the
optics of metals and, for example, in the theory of pow-
erful laser sources of very short electromagnetic bursts46.
In 2DES samples, showing the microwave-induced zero-
resistance effect, it has been recently directly observed in
very important absorption experiments by Studenikin et
al14.
The formula (6) can be derived from simple physi-
cal considerations (some discussion of related effects can
be also found in47). An incident electromagnetic wave
forces 2D electrons to oscillate in phase with the fre-
quency ω. Each electron, oscillating relative to the pos-
itive background, produces a dipole radiation with the
intensity48 I ∼ d¨2/c3 ∼ ω4e2a2/c3, where a is the os-
cillation amplitude and d ∼ ea is the dipole moment.
The radiative decay rate Γ0 of a single oscillating charge
can then be determined dividing I by its average en-
ergy ∼ m⋆a˙2 ∼ m⋆ω2a2. This gives Γ0 ∼ e2ω2/m⋆c3.
For N 2D electrons, oscillating in phase, the intensity
I should be multiplied by N2, while the average energy
– by N , so one gets Γ ∼ NΓ0. The value of N in the
considered case is estimated as the number of electrons
in the coherence area ∼ λ × λ, where λ ∼ c/ω is the
wavelength of radiation, so that N ∼ nsλ2. This finally
gives Γ ∼ NΓ0 ∼ nse2/m⋆c, in agreement with the ex-
act formula (6). Equation (6) thus describes coherent
dipole reradiation of electromagnetic waves by oscillat-
ing 2D electrons excited by microwaves. The quantity Γ
can be also treated as the probability of electron-photon
scattering in the 2DES.
At Γ ≫ γ the radiative processes also govern the
steady-state electron distribution function formed by mi-
crowaves. Incident electromagnetic radiation with the
frequency close to the cyclotron one continuously excites
electrons to higher Landau levels, and there must be a
physical mechanism which returns the system back to
the (quasi-)equilibrium. In some publications (e.g.35)
inelastic-scattering processes due to electron-electron col-
lisions are considered to be the reason of such relaxation.
The probability of such inelastic processes 1/τin is how-
ever much smaller than that of elastic processes (γ)35,
while γ, in its turn, is much smaller than the probability
of electron-photon scattering Γ. Under the experimental
conditions (Γ ≫ γ ≫ τ−1in ) inelastic processes can thus
be safely ignored, and the microwave-modified steady-
state electron distribution function can be calculated as
follows28.
Since the effect was observed under the quasiclassical
conditions
h¯γ ≪ kT ≃ h¯ωc <∼ h¯ω ≪ EF , (8)
where T is the temperature and EF is the Fermi energy,
we can use the classical Boltzmann equation. If the sam-
ple is infinite and the external ac field is uniform, it is
written as
∂f
∂t
+
∂f
∂p
(
−eE− e
c
v ×B
)
= 0, (9)
where we have ignored the scattering integral, since
γ ≪ ω, ωc and Γ. The electric field E here is not the
electric field of the incident wave E0, but the total self-
consistent ac electric field at the plane z = 0, related to
the amplitude of the incident wave E0 by the Maxwell
equations, E = tE0. Eq. (9) has the exact solution
f(p, t) = f0(p−m⋆V(t)), (10)
valid at any amplitude of the electric field (i.e. in the
nonlinear regime, too). Here f0 is the Fermi-Dirac dis-
tribution function, V resolves the classical equations of
motion for one electron,
V =
eEe−iωt
im⋆(ω − ωc) =
eE0e
−iωt
im⋆(ω − ωc + iΓ) , (11)
and V and E are complex amplitudes of the velocity and
field of the circularly polarized wave. One sees that radia-
tive effects remove the divergency at ω = ωc even if the
impurity and phonon scattering inside the sample is fully
neglected, and that at Γ≫ γ this is the most important
relaxation mechanism.
The function (10) is periodic in time. The microwave-
induced steady-state distribution function F (ǫ) is found
by averaging f(p, t) over the oscillation period. This
gives
F (ǫ) ≡ f(p, t) = 1
π
∫ π
0
dx
1 + exp
[
ǫ−EF+U+2
√
Uǫ cos x
kT
] ,
(12)
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FIG. 1: Electron distribution function (12) at different mi-
crowave power levels. The upper characteristic point on
the energy axis (where F approaches zero) corresponds to
E = (
√
EF +
√
U)2. The lower point (where F approaches
unity at U < EF and zero at U > EF ) corresponds to
E = (
√
EF −
√
U)2.
where U is proportional to the microwave power and res-
onantly depends on the frequency,
U =
e2E20
2m⋆[(ω − ωc)2 + Γ2] . (13)
Figure 1 shows the function (12) at different values of
U/EF . At U > EF the function F (ǫ) describes inversion
of population. This requires, however, rather strong mi-
crowave powers, which was probably not realized in the
discussed experiments49.
III. PLASMA OSCILLATIONS AND
FINITE-SIZE EFFECTS
The second important effect which
should be discussed in connection with the
experiments1,2,3,4,5,6,7,8,9,10,11,12,13,14 is plasma oscil-
lations. Passing electromagnetic radiation through an
infinite 2D electron gas, placed in a magnetic field,
one would observe the cyclotron resonance at the
frequency ω = ωc. In a finite-size 2D sample with lateral
dimensions W the cyclotron resonance is shifted to a
higher frequency due to a depolarization effect. The
depolarization shift is always observed in far-infrared
absorption spectra of quantum-dot and quantum-wire
systems, see for instance50,51. In quantum wires the
resonance is seen at the bulk-magnetoplasmon frequency
ωmp =
√
ω2c + ω
2
0 , (14)
TABLE I: Comparison of the microwave frequency f =
ω/2pi and the plasma frequency f0 = ω0/2pi in several zero-
resistance-states experiments.
Ref. ns/cm
2 size f0 (GHz) f (GHz)
3 3× 1011 50− 200 µm 64− 128 27− 115
4 3.5× 1011 ∼ 5 mm ∼ 14 30− 150
5 3× 1011 200 µm 64 10− 170
11 2× 1011 0.4− 5 mm 10− 37 7− 20
where ω0 ≈ ωp(π/W ) is estimated as the 2D plasmon
frequency
ωp(q) =
√
2πnse2q/m⋆ǫ (15)
with the wavevector q ∼ π/W , and ǫ is the dielectric
constant of surrounding medium. The same result also
follows from the generalized Kohn theorem52.
In macroscopic samples at microwave frequencies
one should also expect the influence of depolarization
(plasma) effects. As seen from (14)–(15), the plasma shift
can be neglected, if the sample size or the frequency are
sufficiently large, ω ≫ ω0, or ω2W ≫ 2π2nse2/m⋆ǫ. Ta-
ble I shows that this condition was not satisfied in the dis-
cussed experiments: in almost all the cases the microwave
frequency was comparable with or smaller (sometimes
much smaller) than the plasma frequency, ω <∼ ω0. The
finite-size and plasma effects should thus be included in
the theory. It should be emphasized that, in the very sim-
ilar microwave photoresistance experiment40 made with
a one-order-of-magnitude lower mobility sample (µ ≃ 106
cm2/Vs) the magnetoplasmon resonance at the frequency
(14) was really observed. However, the question, why the
depolarization shift was seen in the old, lower-mobility
samples, but is not seen in the new, very-high-mobility
samples, or vice versa, why the new effect of giant pho-
toresistance oscillations was not seen in40, has not been
answered yet.
Physically, the depolarization shift arises due to the
difference between the total self-consistent ac electric
field E, really acting on the 2D electrons at the plane
z = 0, and the external field of the incident electromag-
netic wave E0. As was seen in the previous Section, in
an infinite sample this difference leads to a substantial
broadening of the cyclotron-resonance line. In a finite-
size sample it is even more important as it shifts the
resonance frequency itself. For a 2D wire of the width W
the relation between E and E0 has the form (see e.g.
53)
E =
E0
ζ(ω)
, where ζ(ω) = 1− ω
2
0
ω2 − ω2c
(16)
is a screening function (we have ignored the linewidth
here).
In so far published theoretical scenarios only infinite-
size 2D systems have been considered (W → ∞, ω0 ≪
ω), and photoresistance oscillations associated with the
4cyclotron frequency and its harmonics have been ob-
tained. If to assume that the same models work in a real,
finite-size sample, than one should evidently expect, in
view of Eq. (16), that these oscillations are shifted to
magnetoplasmon frequencies. As seen from the above es-
timates and Table I, this depolarization shift is very far
from being negligible, and hence a proper explanation of
the discussed phenomena is still absent.
Another (indirect) evidence of the importance of
plasma oscillations in microwave-induced magnetotrans-
port phenomena can be found in a recently published
paper54. In this paper, another type of photoresistance
oscillations has been observed. Although these oscil-
lations, contrary to3,4,5,6,7,8,9,10,11,12,13,14, are periodic
in B and have been found in the opposite magnetic-
field regime ω <∼ ωc, they are quite similar in appear-
ance to the 1/B-periodic oscillations observed at ω >∼
ωc in
3,4,5,6,7,8,9,10,11,12,13,14: the photoresistance oscillate
around the dark-resistance curves, and at sufficiently
large microwave powers approaches zero. The B-periodic
oscillations54, however, were shown to be due to the exci-
tation of plasma waves in the sample (the edge magneto-
plasmons, relevant in the regime ω <∼ ωc). Accordingly,
it seems to be reasonable to expect that the bulk magne-
toplasmons (14) (or maybe magnetoplasmon-polaritons,
see the next Section) play a part in the phenomena ob-
served in1,2,3,4,5,6,7,8,9,10,11,12,13,14.
IV. RETARDATION EFFECTS
The third electrodynamic effect important in the dis-
cussed experiments is retardation. The retardation ef-
fects become essential when the velocity of 2D plasmons
(15) approaches the velocity of light c/
√
ǫ. The relevant
dimensionless parameter has the form
α =
√
2nse2W
m⋆c2
≈ 0.29
√
ns[1011 cm−2]×W [mm],
(17)
where we have used q ∼ π/W . In microscopic electron
systems like quantum wires and dots, this parameter is
small as compared to unity, and the resonant response
frequencies can be calculated in the quasistatic approx-
imation, using the Poisson equation. In macroscopic
2DES samples with lateral dimensions of order of 1 mm,
α is comparable with or larger than unity, and retarda-
tion effects should be included in the theory (for instance,
α ∼ 1.21 in4). It was recently shown in55,56, that retar-
dation effects essentially modify the absorption spectra
of 2DES at α ≃ 1, especially at ω >∼ ωc. To give an idea
of how the retardation may influence electromagnetic re-
sponse of a finite-size 2DES (full report on this study will
be published elsewhere), we show in Figure 2 the absorp-
tion spectrum of a 2D wire with the width W (z = 0,
|x| < W/2), at different values of the α-parameter. One
sees that, at small α (the quasistatic limit) the absorp-
tion spectrum is similar to that of quantum wires: a
strong peak corresponding to the fundamental 2D plas-
mon mode with q ∼ π/W is accompanied by a number
of very weak higher-harmonics peaks, corresponding to
q ∼ (2n + 1)π/W with n = 1, 2, . . . (the Kohn theorem
is not applicable here as the confining potential is not
purely parabolic). Increasing α leads to essential modi-
fications of the absorption spectrum. The fundamental
mode first increases, and then decreases in amplitude,
additionally experiencing a red-shift. The amplitude of
this mode is maximum if the radiative losses are equal
to the dissipative ones. The behaviour of higher modes
is different. Their frequency continuosly decreases and
their amplitude continuously increases with the growth
of α. At α ≃ 1 the absorption spectrum exhibits many
modes with almost equal amplitude, in contrast to the
quasistatic limit. When the magnetic field is on, all these
modes increase in frequency, which leads to a many-peak
dependence of the absorption spectra on B. Such be-
haviour was observed in55,56 and was qualitatively de-
scribed by Stidenikin et al at the end of Section III B
in8.
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FIG. 2: Absorption spectrum of a 2D wire with the width W
at different values of the retardation parameter α.
As seen from Figure 2, retardation effects uncover the
higher 2D plasmon harmonics hardly observable in the
quasistatic limit. We expect that they similarly influence
the higher cyclotron resonance harmonics (the Berstein
modes) at ω = mωc, m = 2, 3 . . ., which are usually
weak in the quasistatic regime. This may explain a weak
dependence of microwave induced photoresistance oscil-
lations on the cyclotron-harmonics index m.
V. CONCLUSIONS
We have argued that electrodynamic effects, not con-
sidered in theoretical literature so far, may be crucial for
understanding the physics of microwave induced mag-
5netotransport phenomena recently observed in 2DESs.
Results of more detailed study of these effects will be
reported.
I am grateful to Ramesh Mani, Sergey Dorozhkin, Igor
Kukushkin, Jurgen Smet and Klaus von Klitzing for nu-
merous discussions of experimental details and related
physical issues, as well as Hans-Erik Nilsson and Sverker
Edvardsson for interest to this work.
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